Advanced thermal barrier coatings (TBCs) have been developed by incorporating multicomponent rare earth oxide dopants into zirconia-based thermal barrier coatings to promote the creation of thermodynamically stable, immobile oxide defect clusters and/or nanophases within the coating systems. In this report, the defect clusters, induced by Nd, Gd, and Yb rare earth dopants in the zirconia-yttria thermal barrier coatings, were characterized by high-resolution transmission electron microscopy (TEM). The TEM lattice imaging, selected area diffraction (SAD), and electron energy-loss spectroscopy (EELS) analyses demonstrated that extensive nanoscale rare earth dopant segregation exists in the plasmasprayed and electron-beam-physical-vapor-deposited (EB-PVD) thermal barrier coatings. The nanoscale concentration heterogeneity and the resulting large lattice distortion promoted the formation of parallel and rotational defective lattice clusters in the coating systems. The presence of the 5-to 100-nm-sized defect clusters and nanophases is believed to be responsible for the significant reduction of thermal conductivity, improved sintering resistance, and long-term high-temperature stability of the advanced thermal barrier coating systems.
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Introduction
Thermal barrier coatings (TBCs) are technologically important because of their ability to further increase engine operating temperatures and reduce cooling, thus achieving engine efficiency and emission goals. To help meet future engine design and advanced coating requirements, efforts have been made to develop significantly lower conductivity and better high-temperature stability TBCs, primarily by incorporating multicomponent rare earth oxide dopants into the current zirconia-yttria-based thermal barrier coatings (refs. 1 and 2 and Zhu, D.; and Miller, R.A.: Defect Cluster Design Considerations in Advanced Thermal Barrier Coatings. Unpublished work, NASA Glenn Research Center, Cleveland, Ohio, 1999.). The added dopants are intended to create thermodynamically stable, highly defective lattice structures with essentially immobile defect clusters and/or nanoscale ordered phases-thereby reducing thermal conductivity and improving sintering resistance of the coating systems. Multicomponent thermal barrier coatings have been shown to reduce the TBC thermal conductivity by a factor of 2 or 3 compared with a baseline ZrO 2 -4.55 mol% Y 2 O 3 (ZrO 2 -8 wt% Y 2 O 3 ) coating at high temperature, as shown in figure 1 . In addition, the sintering resistance of the coating systems has also been reduced by one order of magnitude, in terms of the steady-state conductivity rate increase shown in figure 2, presumably due to the low-mobility defect cluster effect associated with the rare earth dopant additions.
The purpose of this report is to investigate the dopant defect clustering phenomena in ZrO 2 -Y 2 O 3 multicomponent plasma-sprayed and electron-beam-physical-vapor-deposited (EB-PVD) thermal barrier systems using high-resolution transmission electron microscopy (TEM). Dopants studied include Nd 2 O 3 , Gd 2 O 3 , Yb 2 O 3 , and Sc 2 O 3 . In this study, the dopant segregation as well as the dopant-heterogeneityinduced defect cluster formation were investigated using high-resolution TEM lattice imaging, selected area diffraction (SAD), electron energy-loss spectroscopy (EELS) and energy-dispersive spectroscopy (EDS) analysis techniques. The defect cluster size and distribution, cluster crystallographic orientation, and defective lattice distortion are also estimated based on the TEM lattice moiré fringe analysis. The defect clustering information is of great importance in understanding the thermal conductivity, sintering behavior, and thermomechanical performance of the multicomponent TBCs. The nanostructural oxide defect information is also critical to the development of advanced high-temperature TBCs with unique thermophysical and thermomechanical properties.
Experimental Materials and Method
Multicomponent oxide thermal barrier coatings were designed using a oxide defect-clustering approach described previously (refs. The plasma-sprayed coatings were processed using all NASA in-house fabricated, pre-alloyed powders. The ceramic powders with the designed composition were first spray dried, then plasma reacted twice and spheroidized to ensure the composition and phase homogeneity, and finally plasma sprayed into the coating form in the NASA Glenn plasma-spray coating facilities. The advanced EB-PVD coatings were deposited using prefabricated evaporation ingots that were made of the desired composition. The EB-PVD coatings were processed into test coating specimens by General Electric Aircraft Engines, Cincinnati, Ohio, and Howmet Coatings Corporation, Whitehall, Michigan. The plasma-sprayed and EB-PVD disk coating specimens were furnace annealed at 1000 °C for 24 h and then laser heat-flux treated at 1316 °C for 20 h before they were examined in the TEM. X-ray diffraction techniques were used for the coating phase identification and lattice constant estimation.
The TEM structural investigation of the defect-clustered coatings was carried out using a Philips CM200 transmission electron microscope (FEI Company, Hillsboro, OR). In order to prepare the TEM specimens, the coating specimens were first cross sectioned into thin slices. The sliced ceramic coatings were glued with a degassed epoxy mixture and sandwiched between two Si dummy wafers. The sandwiched specimens were then sliced to a size of 2.5 by 2.0 by 0.5 mm. The final TEM specimens were thinned to electron transparency using argon-ion-beam milling for a short period of time to polish both sides. Diffraction contrast and high-resolution images as well as SAD data for the coating specimens were recorded using the TEM operating at 200 keV. The elemental analysis was conducted using an EDAX energy dispersive spectrometer (EDAX, Inc., Mahwah, NJ) and an electron energy loss spectrometer attached to the TEM system.
Results and Discussion

Phase Structures and Lattice Constants of Defect Cluster Coatings
The x-ray diffraction results showed that the oxide defect cluster coatings have the predominant tetragonal phase structure when the yttria and paired rare earth dopant concentration is lower than 6 mol%. The coatings adopt the cubic phase structure when the total dopant concentration is higher than 10 mol% (ref. 3) . The x-ray diffraction patterns of selected oxide coatings are shown in figure 3 .
The diffraction peaks shift towards lower diffraction angle with increasing dopant concentration, indicating that the ZrO 2 -based oxide lattice constant increases with the dopant concentration. The addition of the paired rare earth cluster oxide dopants, e.g., Nd with Yb or Nd with Sc, to the ZrO 2 -Y 2 O 3 system has further increased the oxide lattice constants. Note that this occurs when even only one of the paired cluster dopant oxide has a larger ionic size than the primary dopant yttria in the multicomponent oxide systems. Figure 4 It can be seen that the lattice constant of the multicomponent oxide coating systems has increased by 1 to 2 percent in the dopant concentration range of 5 to 16 mol%. Furthermore, as shown in figure 4(b) , the cluster dopants have also broadened the x-ray diffraction peaks, implying larger lattice distortion for the multicomponent oxide coatings. The observed parallel moiré fringe pattern spacing in the (111) lattice images is typically found to be in the range of 0.6 to 0.9 nm (6 to 9 Å). In certain regions, the parallel moiré fringes with a larger spacing of 4 to 5 nm (40 to 50 Å) are also observed. The relationship between the parallel moiré fringe pattern D p and the two contrasting lattice spacings d 1 and d 2 can be expressed by (ref. 4)
TEM Observation of Defect Clusters
Therefore, assuming that the average lattice spacing of the (111) plane d 1 (111) is approximately 0.295 nm (corresponding to the lattice constant a 1 ≈ 0.511 nm) in the segregation-free region, the lattice spacing d 2 (111) and the lattice parameter a 2 in the cluster region can be estimated from the observed moiré fringes spacing D p . It is found that the parallel moiré fringe regions with a smaller fringe spacing of 0.6 to 0.9 nm (6 to 9 Å) correspond to the overlapping lattices of (111) and (100), while the moiré patterns with a larger spacing of 4 to 5 nm (40 to 50 Å) roughly correspond to the two overlapping (111) lattice planes that have distinct d-spacing values because of the dopant segregation. Figure 6 shows the estimated lattice constants in the dopant-segregated cluster regions derived from the parallel moiré patterns of overlapping (111) Mixed moiré patterns are also often observed in the multicomponent coating systems because of the overlapping lattices with combined lattice rotation and d-spacing variation. Figure 7 shows the mixed moiré patterns of a plasma-sprayed, Nd and Yb co-doped multicomponent thermal barrier coatings. The dopant cluster regions, observed as the moiré patterns in the TEM lattice images, typically have a size of 10 to 20 nm (100 to 200 Å), with the moiré fringe spacing ranging from 0.7 to 5 nm (7 to 50 Å). A large defect clustered region in an EB-PVD Gd and Yb co-doped ZrO 2 -Y 2 O 3 coating that has a size larger than 50 nm (500 Å) and a moiré fringe spacing about 0.7 nm (7 Å) is shown in figure 8 .
The relationship between the mixed moiré fringe pattern D m and two contrasting lattice spacings d 1 and d 2 can be expressed by (ref. 4)
where α is the relative rotation angle in radiance between the two lattices. The lattice rotation angle as a function of mixed moiré fringe spacing from the (111) planes for various assumed cluster region d spacing was plotted in figure 9 . It can be seen that the observed moiré fringe spacing deceases with increasing the relative lattice rotation angle between the cluster and matrix. The relative rotation angle of the cluster and matrix lattices can be determined more or less unambiguously from the observed mixed rotational moiré fringe spacing D m of the (111) planes because the lattice spacing values are still very close in the cluster and matrix regions. For the coatings investigated in this study, the rotation angle was found to be mostly between 10 and 25°. It is also noticed that the large moiré fringe spacing (5.0 nm or higher) in some regions corresponds to the clusters with low rotation angles as is similar to the case of parallel moiré fringes. Figure 10 shows the SAD patterns in both a matrix region and a highly defective cluster region of the plasma-sprayed ZrO 2 -13.5 mol% (Y, Nd, Yb) 2 O 3 coating. The matrix region has a relatively simple diffraction pattern in the zone axis (111) orientation. However, the overlapping cluster-matrix lattice region generates a more complex diffraction pattern with the zone axis in the (111) orientation and slightly off the (111) orientation, at approximately the (123) orientation. An EDS-identified ytterbia-rich region with the distorted lattice planes of the coating is also shown in figure 11 . The Sc 2 O 3 -added, fivecomponent ZrO 2 -based thermal barrier coatings were found to be more defective, with many small patches of the cluster regions (5 to 10 nm in size) and large rotation angles (greater than 20°) observed in the coating lattices under the TEM investigations.
The dopant-induced defect clusters are further demonstrated by the TEM high-resolution EELS analysis. Figure 12 shows the EELS compositional maps of the plasma-sprayed and EB-PVD coatings, which confirmed the significant segregations of the rare earth cluster dopants, Nd, Gd, and Yb. The highest composition among all the dopants in the coating systems. The complimentary cluster dopant segregation (i.e., the Nd (or Gd) and Yb (and/or Sc) segregated independently) is also observed from the EELS results. The complimentary cluster dopant segregation phenomenon may provide profound insight into the observed significantly lower thermal conductivity and better thermal stability of the multicomponent thermal barrier coatings as compared to the pseudobinary and even ternary coating systems.
Concluding Remarks
The addition of multicomponent rare earth dopants to zirconia-yttria-based thermal barrier coatings has been shown to significantly reduce the coating thermal conductivity and improve sintering resistance. In this study, defect clusters, induced by the addition of the dopants to the multicomponent zirconia-yttria segregation size ranges approximately from 20 to 100 nm. Yttrium showed relatively uniform distribution and had much less segregation as compared with the rare earth cluster dopants, despite yttrium having the thermal barrier structure, were characterized using transmission electron microscopy (TEM). The parallel and mixed rotation defective lattices and defect clusters have been identified using moiré fringe patterns from the high-resolution lattice images. The extensive nanoscale cluster dopant Nd, Gd, and Yb segregation has been shown by the high-resolution electron energy-loss spectroscopy (EELS) concentration maps analysis. The cluster dopant segregation resulted in significant local lattice distortion, with the estimated lattice constant increase (with respect to the matrix lattice) greater than 5 percent in some cluster regions. The rotation angle between the cluster and matrix lattices has been found to be in the range of 0 to 35°. The presence of the 5-to 100-nm-sized defect clusters and nanophases, facilitated by the dopant composition heterogeneity and complimentary individual cluster dopant segregation, are believed to be responsible for the significant reduction of thermal conductivity, improved sintering resistance, and long-term high-temperature stability of the advanced multicomponent thermal barrier coating systems.
